Understanding which HIV-1 variants are most likely to be transmitted is important for 19 vaccine design and predicting virus evolution. Since most infections are founded by 20 single variants, it has been suggested that selection at transmission has a key role in 21 governing which variants are transmitted. We show that the composition of the viral 22 population within the donor at the time of transmission is also important. To support this 23 argument, we developed a probabilistic model describing HIV-1 transmission in an 24 untreated population, and parameterised the model using both within-host next 25 generation sequencing data and population-level epidemiological data on heterosexual 26 transmission. The most basic HIV-1 transmission models cannot explain simultaneously 27 the low probability of transmission and the non-negligible proportion of infections 28 founded by multiple variants. In our model, transmission can only occur when 29 environmental conditions are appropriate (e.g. abrasions are present in the genital tract 30 of the potential recipient), allowing these observations to be reconciled. As well as 31 reproducing features of transmission in real populations, our model demonstrates that, 32 contrary to expectation, there is not a simple link between the number of viral variants 33 and the number of viral particles founding each new infection. These quantities depend 34 on the timing of transmission, and infections can be founded with small numbers of 35 variants yet large numbers of particles. Including selection, or a bias towards early 36 transmission (e.g. due to treatment) acts to enhance this conclusion. In addition, we find 37 that infections initiated by multiple variants are most likely to have derived from donors 38 with intermediate set-point viral loads, and not from individuals with high set-point viral 39 loads as might be expected. We therefore emphasise the importance of considering 40 viral diversity in donors, and the timings of transmissions, when trying to discern the 41 complex factors governing single or multiple variant transmission. 42 GLOSSARY 43
course of infection is taken into account, it is not necessarily the case there is a simple 84 link between these two quantities if multiple transmissions are considered. This is 85 because the viral load typically varies by orders of magnitude during the course of an 86 untreated infection, and viral diversity tends to increase as an infection progresses [17-87 19] . For example, early in an HIV-1 infection, the viral load is typically high but viral 88 diversity is usually low [20] , whereas during chronic infection the viral load is lower but 89 diversity is typically higher. As a consequence, the relationship between the numbers of 90 T/F variants and the numbers of T/F particles in a recipient population is likely to 91 depend not only on selection and recipient host factors, but also on the compositions of 92 variants in donors and the timings of transmissions. 93
Here we present a probabilistic model, informed by within-host deep-sequencing [18] 94 and population-level [21] data, to investigate the likely relationship between the 95 numbers of variants and the numbers of particles founding new sexually transmitted 96 infections in untreated populations, as well as the link between donor SPVLs and the 97 numbers of T/F variants among recipients. We also consider the impact that selection, 98 and a bias towards early transmission (due to treatment and/or other behavioural 99 factors), might have on the compositions of new infections. 100
Considering the timings of transmissions explicitly will make it easier to deduce the 101 relative importance of selective and non-selective bottlenecks during transmission within 102 different risk groups. The timings of transmissions might also provide an explanation for 103 some perplexing results, such as the proportion of multi-variant transmissions in some 104 studies of populations of men who have sex with men (MSM) being comparable to 7 that transmission can only occur in a small fraction, f, of potential transmission acts, 127 when environmental conditions are appropriate. This is supported by observations that 128 HIV-1 is most likely to be transmitted when a potential recipient is experiencing 129 abrasions in the genital tract, genital inflammation, or coinfection with another pathogen 130
[12, [23] [24] [25] [26] [27] . 131
To connect from this single transmission event scale to the population scale, we then 132 considered a population of donors with different SPVLs (Figure 2A This reflects the fact that seroconverters who go on to have high SPVLs will survive for 140 shorter periods than those with low SPVLs. Finally, we used previously published 141 longitudinal deep-sequencing data to parameterise a function describing the expected 142 distribution of unique variants within an individual throughout infection, as described 143 below. 144 145
The distribution of viral variants as infection progresses 146
sequencing data from longitudinally sampled infected hosts [18] to characterise the 148 distribution of variants in an untreated individual as an HIV-1 infection progresses. In the 149 absence of selection at the point of transmission, we assume this reflects the 150 distribution of variants available for transmission in each individual in the population. For 151 all three regions of the genome analysed (integrase, p24 and nef), a discretised gamma 152 distribution provided the best fit to the data, characterising h(x,t) -the proportion of the 153
x th most common viral variant in the within-donor pathogen population at time t years 154 since the individual became infected (see Materials and Methods). Since the highest 155 viral diversity was observed for integrase, we used the parameterisation for this region 156 in our main analysis (see Table 1 of Text S1). From the data, and our model fit, it can be 157 seen that in the early years of an infection a small number of variants dominate, but as 158 an infection progresses a higher diversity of variants (i.e. a more uniform distribution of 159 variants) is seen (left column of Figure 3 ). Throughout our manuscript, by high diversity 160 of variants we mean an approximately uniform distribution of variants as opposed to a 161 distribution skewed so that there are high proportions of some variants and low 162 proportions of others. The corresponding distributions for p24 and nef are show in 163 Figure S1 . 164
To incorporate selection at transmission into our analysis, we assumed that variants 165 that are more similar to those that initiated the infection are more likely to be 166 transmitted, since these represent variants that previously were successfully transmitted 167 in a large transmission chain [33] , and evidence for the transmission of founder-like 170 virus in transmission couples [34, 35] . We weighted the relative proportions of each 171 variant in the sequencing data based on how close they are to the consensus sequence 172 at the first time point in that donor, and then refitted our model (see Materials and 173 Methods, and also Table 1 of Text S1). When selection is included, the effective 174 diversity of variants available for transmission is reduced (right column of Figure 3 ). We 175
show the very strong selection case here (!s = 3), but results are also shown for strong 176 and intermediate selection in Figure S2 , where the parameter !s is a measure of the 177 strength of selection. The most common variant available for transmission in the 178 presence of selection is not necessarily the most common variant in the absence of 179 selection. Here we assumed that selection acts through the preferential transmission of 180 founder-like variants, leading to a reduction in the diversity of variants available for 181 transmission. However, any form of positive selection, in which some genotypes are 182 favoured over others, could be implemented in our modelling framework. 183 184
Numbers of particles and viral variants that successfully found new infections 185
Using our transmission model, we characterised the relationship between the numbers 186 of T/F particles and the numbers of T/F variants in newly infected individuals within a 187 population. We set the proportion of the time that the environment within an uninfected 188 individual is appropriate for transmission (f) and the per-particle transmission probability 189 in each act when the environment is appropriate (p) so that transmission occurred in 190 three out of every 1000 transmission acts [22] , and multiple variants founded 30% of to reasonable variation around these values. In general, specifying the per-act 193 transmission probability and the probability of multiple T/F variants uniquely determines 194 f and p for a given distribution of variants within the donor population ( Figure S3 ). The 195 values of f and p used for each of the cases we considered are given in Table 2 of Text 196 S1. The distributions of the numbers of T/F particles and variants in the recipient 197 population were then derived analytically for three scenarios: no selection, selection at 198 transmission, and transmission biased towards early infection but no selection. 199
200

No selection (Case 1) 201
The probability that a new infection is founded by n particles decreases as n increases, 202 with a chance of approximately 40% that a single particle is transmitted, and 25% that 203 two particles are transmitted. Similarly, the probability that N variants are transmitted 204 also declines as N increases ( Figure 4A , top left). It is not always the case that a large 205 number of T/F viral particles and a large number of T/F variants coincide ( Figure 4A , top 206 middle). When the donor is in early infection (infected for less than two years), 207
transmissions are more likely to be with multiple particles but few variants ( Figure 4A Infections founded with two particles are likely to be associated with two variants (Figure  217 4A, top middle). However, the importance of the stage of infection of the donor results in 218 the counterintuitive observation that infections founded by three particles are more likely 219 to be associated with only a single variant than with any other individual number of 220 variants ( Figure 4A , top middle). This is because three-particle infections are most 221 likely to arise when the donor is in primary infection ( Figure 4A effectively made the simplifying assumption that every donor had an infection that was 228 originally founded by the same number of variants. Most of the individuals in that cohort 229 were probably infected by single variants [19] , and the fitted distribution of variants 230 reflected this. Since around 30% of donors in real populations would instead have been 231 infected by multiple variants, we conducted a supplementary analysis in which we 232 assumed that 30% of donors had infections founded by two distinct variants, and that 233 the resulting lineages from each T/F variant evolved independently within an individual 234 (Text S1 -Multiple variants founding infections in donors). The results were qualitatively 235 similar: the link between the numbers of T/F particles and T/F variants depended on the timing of transmission. Since we fitted a single distribution to the sequencing data, we 237 also assumed implicitly that the distribution of variants in a donor is independent of 238 SPVL. This is supported by longitudinal sequencing data in which a link between SPVL 239 and viral diversity is not apparent [19, 36] . 240 241
Selection at transmission (Case 2) 242
We investigated how selection for particular variants would affect our results, and how 243 sensitive this is to the strength of selection, as. We used the fitted distributions of 244 variants available for transmission with selection, as described above (see right panel of 245 Figure 3 and Figure S2 ). Using these new distributions of variants, we reparameterised 246 the values of the per-particle transmission probability (p) and the proportion of the time 247 the environment is appropriate for transmission (f) so that the probability of transmission 248 occurring per act remained at 0.003 and the probability of multiple variants founding 249 each new infection was 0.3 (see Table 2 of Text S1). We carried out this 250 reparameterisation step because we sought to consider the numbers of transmitted 251 particles and variants if selection is currently acting in heterosexual populations for 252 which transmission occurs in three out of every 1000 potential transmission acts and 253
30% of infections are founded by multiple variants. If selection had instead been 254
imposed without reparameterising the model, then the numbers of transmitted variants 255 would have been reduced compared to the case with no selection.
Even for very strong selection (as = 3), since we reparameterised f and p we found that 257 the overall distribution of the numbers of variants founding new infections remained 258 similar to the case in which there is no selection at transmission ( Figure 4B ; see Figure  259 S5 for equivalent figures with different strengths of selection). However, because 260 selection reduces the diversity of viral variants available for transmission (right column 261 of Figure 3 ), a higher per-particle probability of transmission per act (p) was required to 262 achieve 30% of new infections being founded by multiple variants. As a consequence, it 263 became more likely that many particles were transmitted compared to the case in which 264 there is no selection, but still only one or a few variants ( Figure 4B ). In other words, in 265 terms of the numbers of transmitted variants, the reduced diversity of variants available 266
for selection was cancelled out by the larger numbers of particles likely to be transmitted 267 (which permitted more variants to be transmitted). Since large numbers of particles yet 268 few distinct variants could then be transmitted, including selection in the model 269 enhanced the prediction that the numbers of particles and variants founding new 270 infections are not closely linked quantities. 271
272
Bias towards early transmission (Case 3) 273
There are many reasons why there might be a bias towards early transmission. 274
Interventions are likely to lead to a bias towards early transmission, because awareness 275 of HIV-1 status can cause behaviour changes and treatment reduces infectiousness 276
[37-39], but there is a delay between infection and diagnosis and a further delay before 277 an individual has during the highly infectious primary stage of infection [44] . 280
We therefore considered the distributions of transmitted particles and variants when 281 transmission is more likely in early infection than in later infection. We assumed that 282 potential transmission acts occur in early infection (defined to be time since infection t < 283 tcrit years) at a rate enhanced by a factor w > 1 compared to later time points (see 284
Materials and Methods). Since our model was parameterised using population-level 285 data in which it is assumed that there is no bias towards early transmission, we did not 286
change the values of f and p here from the no selection case considered above. 287
In Figure 4C , we considered the case where w = 10 and tcrit = 2 years, representing for 288 example a population in which test and treat interventions are very effective. A greater 289 proportion of new infections were derived from donors in early infection than in the 290 absence of bias towards early transmission, and so transmissions consisted of fewer 291 distinct viral variants, but larger numbers of particles per successful transmission act. 292
When a smaller value of the weighting parameter, w, was used, a similar but less 293 extreme pattern was seen ( Figure S6 ). 294 295
Link between donor SPVL and recipient number of founder variants 296
We also considered the characteristics of the donors in the population that were most 297 likely to transmit multiple variants ( Figure 5 ).
No selection (Case 1) 300
We derived the joint distribution characterising the numbers of transmitted variants and 301 the SPVLs of donors in the population (left panel of Figure 5A ). The most likely 302 combination was a single variant infection arising from a donor with intermediate SPVL, 303 reflecting the fact that most infections are with single variants ( Figure 4A ), and most 304 infected individuals have intermediate SPVLs (Figure 2A ). 305
The chance that a randomly chosen infection from a donor with each SPVL consisted of 306 multiple variants is shown in the middle panel of Figure 5A . It can be seen that, despite 307 donors with high SPVLs being likely to transmit large numbers of particles, each 308 infection is likely to be with few variants. This is because donors with high SPVLs are 309 likely to die more quickly than individuals with lower SPVLs, so they tend to transmit 310 before the founder viruses have diversified. 311
We then focussed solely on infections arising with multiple T/F variants. High-SPVL 312 donors are not only uncommon, but also tend to transit only one variant due to their When selection is incorporated into the model, a donor with a low SPVL is now much 324 more likely to produce a multiple variant infection than a donor with higher SPVL (centre 325 panel in Figure 5B ). This is because including selection makes it more likely that 326 transmission early in infection will result in new infections founded by only one variant. 327
As a result, the donors who survive for long periods have the opportunity to transmit 328 after viral diversity has increased, and these are the donors with low SPVLs. In the 329 selection case, we therefore find that infections founded by multiple variants are likely to 330 have come from donors with lower SPVLs than the case with no selection ( Figure 4B 
Bias towards early transmission (Case 3) 334
When transmission is heavily weighted towards early infection, individuals with very 335 high SPVLs become more likely to transmit multiple variants than individuals with low 336 SPVLs ( Figure 5C middle) . When there is no bias towards early transmission, high-337
SPVL individuals have shorter durations of infection than other individuals, and so have 338 less opportunity to transmit after viral diversity has accumulated. When there is a strong bias, however, all individuals effectively have similar, shorter, durations of 340 infectiousness, and are all unlikely to transmit before the founder viruses have 341 diversified significantly. In this case, the increased probability of transmitting multiple 342 viral particles (and so multiple variants) at higher SPVLs becomes more important. 343
However, even in this case, a randomly chosen multiple-variant infection is most likely 344 to have originated from a donor with intermediate SPVL (Figure 5C other variants from being transmitted or successfully establishing the infection in the recipient. However, the role of selection, as opposed to transmission simply being a 361 stochastic process, has been debated [11] [12] [13] [14] [15] . 362
Here, we have shown that by considering viral diversity within donors explicitly, 363
imposing selection is not required to reconcile within-host and population-level data, or 364 to explain the low numbers of T/F variants generally observed. We do not contend that 365 selection is unimportant -a number of phenotypic transmission factors have been 366
identified (e.g. [1, [44] [45] [46] ) -but rather that the viral bottleneck at transmission is likely to 367 be due to both selective and stochastic forces. By including selection in the model, we 368
found an even weaker link between the numbers of T/F variants and T/F particles than 369
we found in the absence of selection, with a higher proportion of infections being 370 founded by large numbers of particles but few variants. Similarly, when a bias towards 371 early transmission was included in the model, which could be due to treatment or other 372 behavioural changes, single-variant but multiple-particle transmission became more 373
likely. 374
We have shown that the distribution of viral variants during the course of infection, the 375 timings of transmissions, and the strength of selection are some of the many factors that as has been suggested for MSM transmission more generally [42, 43] . This is because 386 lower viral diversity within the pool of transmitting donors due to early transmission will 387 tend towards more new infections being founded by single variants. The increased 388 diversity of infections due to reduced selection may therefore have been balanced by 389 the reduced diversity of infections due to early transmission. Given these complex 390
interactions, we urge caution in interpreting the proportion of infections founded by 391 single variants as a universal statistic, even between populations that on the surface 392 appear quite similar. Differences in the timing of transmission between different MSM 393 populations might help to explain the higher proportion of infections founded by multiple 394 variants observed in some studies [2,47,48] compared to others [3,6-8], although 395 differences in sequencing and methods of analysis might also have a role [48] . All else 396 being equal, we would predict fewer variants being transmitted in populations where 397 transmission is biased towards early infection. 398
A positive association between multiple variants founding an infection and a high SPVL 399
of that infection has been observed [16]. Since a higher SPVL is associated with faster 400 progression to AIDS, understanding the factors leading to multi-variant transmission is 401 important for inferring the mechanisms driving the severity of different HIV-1 infections. 402
This will also inform the development of evolutionary epidemiological models. It has 403 been suggested that recipient host factors might be important [1, 16] . We hypothesised 404 that the SPVL of the donor might be another key factor involved in multi-variant transmission. Contrary to what might be expected, we found that most infections 406 founded by multiple variants do not arise from donors with high SPVLs, but from donors 407 with intermediate SPVLs; individuals with high SPVLs tend to rapidly progress to AIDS, 408
and therefore viral diversity has limited time to accumulate. It is not known why there is 409 a positive association between multi-variant transmission and a higher SPVL, although 410 it has been suggested that viral diversity per se has a role [16, 48] . Another possibility is 411 that when more variants are transmitted, there is a higher chance that one of these 412 variants possesses viral factors associated with high SPVLs within the recipient. 413
Our aim here has not been to develop a detailed model of HIV-1 transmission, but 414 rather to present the simplest possible model that encapsulates important features of 415 transmission within a population. We therefore made a number of simplifying 416 assumptions, including assuming random contacts between donors and potential 417 recipients, and ignoring host genetic factors that might affect viral diversity within 418
donors. 419
Nonetheless, most other simple models cannot accommodate the infrequent 420
transmission, yet reasonably high proportion of infections founded by multiple variants, 421 observed in real populations [4] . We captured this by assuming that transmission is only 422 possible a small fraction of the time, when the environment is appropriate. In doing this, 423
we assumed that when a potential transmission act occurs the environment is either 424 entirely permissive (each available viral particle can be transmitted independently of the 425 others with a constant probability) or entirely resistant to transmission. In reality, the 426 permissiveness of the environment to transmission is likely to be a continuous quantity, rather than always entirely "on" or "off". Abrasions in the genital tract, genital 428 inflammation or infection with other pathogens might increase the probability of 429 transmission [12,23-27]. Facilitation, whereby a virus being transmitted changes the 430 environment in the recipient so that further transmission is more likely to immediately 431 occur [4,49], might also be able to reconcile infrequent transmission with reasonably 432 frequent multi-variant transmission. In the facilitation scenario, the probability of 433 transmission is assumed to be low, yet when a particle is transmitted the environment 434 temporarily changes enabling further particles, and therefore potentially multiple 435 variants, to be transmitted. Other mechanisms might also be able to reconcile the low 436 transmission probability of HIV-1 with the significant proportion of new infections 437 founded by multiple variants, and could provide an interesting avenue for further 438 exploration using theoretical models. 439
The link between viral load and the transmission rate is also in need of further study 440 load and viral fitness [52] might also allow binomial models to reproduce observed data. 451
A key measure that we have approximated in our model is the distribution of viral 452 variants within donors as infections progress. We used previously published short-read Figure S8 ), as 463 well as different values of the per-particle transmission probability ( Figure S9 ). By 464 varying the per-particle transmission probability in Figure S9 , we also implicitly tested 465 the robustness of our results to the assumption that 30% of new infections are founded 466 by multiple variants. Our key conclusion remained unchanged: the link between the 467
numbers of T/F particles and variants depends on the timing of transmission. 468
Understanding the relative roles of selection and other factors in determining the strong 469 bottleneck that occurs during HIV-1 transmission is relevant for vaccine design [58] and epidemiological and phylodynamic models that can capture viral transmission in a 472 realistic fashion. Here, we have highlighted the need to consider viral diversity in donors 473 at the times of transmissions as an additional important, but hitherto underappreciated, 474 factor. 475
476
MATERIALS AND METHODS 477 478
Modelling temporal changes in donor viral load 479
Following a previously used modelling approach [21], we divided the infectious period of 480 an infected donor into three stages: primary, chronic and pre-AIDS. The viral load of 481 the donor depends on the stage of infection. For the full mathematical details of this 482 approach and its parameterisation, see Text S1 -Viral load profiles; a summary is 483
below. 484
In primary infection, which lasts tp = 0.24 years, the viral load for all donors is Vp = 8.7 x 485 10 7 viral particles per millilitre of blood. During the chronic stage of infection, the viral 486 load Vc is fixed at set point, which varies by several orders of magnitude between 487 donors [60,61]. Donors with higher SPVLs progress to AIDS more quickly than 488 individuals with lower SPVLs [21] , so that the time spent in chronic infection tc(Vc) 489 depends on the SPVL. The probability that a randomly chosen donor has SPVL equal to 490 Vc, which we denote g(Vc), is shown in Figure 2B and given in detail in Text S1 -Viral load profiles. In the pre-AIDS stage of infection, which lasts ta = 0.75 years, the viral 492 load is Va = 2.4 x 10 7 viral particles per millilitre for all individuals. 493
Throughout infection, the number of particles available for transmission in each donor in 494 the population is assumed to be proportional to the viral load. We denote the number of 495 particles available for transmission in donors by np, nc and na in primary, chronic and 496 pre-AIDS infection, respectively. In the analyses in the main text, we have assumed that 497 the constant of proportionality, k, is equal to one, so that e.g. nc = Vc. We note that our 498 results are very similar if different values of k are used. This is because the results 499 depend (approximately) only on the product of k and the per-particle transmission 500 probability, p, rather than the individual values of these parameters -and larger values 501 of k correspond to smaller values of p when the model is refitted so that the per-act 502 transmission probability is 0.003 (see Text S1 -Relationship between viral load and 503 number of particles available for transmission). 504 505
Modelling variant diversity in donors 506
We used publicly available whole-genome deep sequencing data from ten longitudinally 507 Specifically, we used information from three distinct regions of the viral genome, chosen 511 for their wide coverage and because they come from three different functional categories: integrase (enzyme, HXB2 reference positions 4230-5096); p24 (structural, 513 positions 1186-1878); and nef (accessory, positions 8797-9417). Each of the reads from 514 these regions are around 300 base pairs long and we conducted our analyses 515 separately for each region. We only included samples that contained a large number (at 516 least 1000) of reads, so that a distribution of variants within each sample could be 517
characterised. 518
We assumed that each distinct read corresponded to a different variant of the virus, and 519 then found the proportion of each variant in each sample. Variants at proportions lower 520 than 0.005 were removed, to protect against sequencing error. The resulting distribution 521 of variants in one of the individuals (individual 3) throughout their course of infection, 522 obtained using data from integrase, is shown by the red dots in Figure 3 
537
We fitted the parameters of each of the candidate functions h(x,t) to data using a 538 nonlinear mixed-effects model. This fitting was performed using the R software function 539 nlme with fixed effects of variant x and time since infection t, and a random effect of the 540 individual that each read was sampled from. Including a random effect of the sampled 541 individual amounts to a partial pooling of the data between individuals to improve our 542 estimates of the parameters applicable to the broader population from which these 543 individuals were drawn. By doing this, the differences between these individuals (which 544 are not of direct interest, and are difficult to infer for individuals with little data) were not 545 estimated, nor did we fully pool the data (which would bias estimation towards over-546 sampled individuals). The candidate models were compared using the Akaike information 547 criterion scores associated with their model fits. The resulting parameter values for each 548 of the three regions that we considered are shown in Table 1 of Text S1. While the gamma 549 distribution that provided the best fit to the data has the property that there is effectively 550 only a single variant available for transmission in the donor at small times since infection, we also considered cases in which there could be multiple variants at equal frequency 552 early in a donor's course of infection (Text S1 -Multiple variants founding infections in 553 donors). 554 555
Modelling selection 556
When modelling selection at transmission, we assumed that the variants most similar to 557 those that donors were themselves infected with were more likely to be transmitted, 558 since they are likely to retain characteristics that make them suited for onward 559 transmission [30] . To investigate the effect of preferential transmission of these 560 identical to the original distribution without selection). Since the most common variant in 580 the absence of selection was not necessarily the most common variant once selection 581 had been applied, the variants were renumbered so that the variant with the highest 582 effective proportion was labelled variant 1, and so on. 583
As in the case with no selection, the models were then fitted to the resulting distribution 584 of the effective quantities of each variant. The best-fitting model and parameter values for 585 the data from the integrase region are shown in Table 1 of Text S1 for as = 0,1,2,3. The 586 value as = 0 corresponds to the case in which there is no selection. 587 588
Modelling transmission 589
We assumed that environmental conditions are suitable for transmission in a fraction f 590 of transmission acts, and that when conditions are suitable each particle has a 591 probability p of being transmitted, independently of the other particles. The probability of n particles being transmitted and going on to generate a new infection is therefore given where the first factor in the sum depends on the effective distribution of variants 603 available for transmission in the donor (accounting for changes in the effective diversity 604 of variants likely to be transmitted given selection at transmission). 605 606
Population-scale quantities 607
The following quantities were derived analytically by integrating over all infected 608 potential donors in the population, and all times during their courses of infection. The 609 variables U A , U l , and U m represent the numbers of particles available for transmission in 610 the genital tracts of donors in primary, chronic and pre-AIDS infection, respectively. In the version of the model described here, the number of particles available for 612 transmission is equal to the viral load, so that for example U l = n l (cf. Text S1 -613
Relationship between viral load and number of particles available for transmission). The 
Modelling bias to early infection 651
If some individuals in the population are undergoing antiretroviral therapy, then 652 transmission is more likely to occur when a donor is in early infection than in later 653 infection once treatment may have started. As described in the Results, transmission 654 might also be more likely in early infection for other reasons. We therefore considered 655 populations in which the timings of transmissions are weighted towards early infection, 656 in addition to the increased probability of early infections due to the higher viral load in 657 the primary phase. As an example of how we implemented this, the < 1 : p1 q (e q )p1 r terms in 658 the expression for Prob(n particles and N variants transmitted) were replaced by 659 appropriate terms. If, for example, early infection is defined to be t < tcrit where tcrit < tp 660 + tc(nc) + ta, and the weighting factor is w > 1, then this term would be 661 î (î-<)1 ïñyó p 1 : p1 q (e q )p1 r for t < tcrit and < (î-<)1 ïñyó p 1 : p1 q (e q )p1 r for t > tcrit. 
716
see Tables 1 and 2 of Text S1. In C, the same parameter values as A were used but with infection w = 10 717 times more likely at times when each donor has been infected for less than two years. 
